The ability o f polystyrene latex beads to immobilize glucose oxidase was applied to construct a stable biosensor for glucose. This biosensor measures glucose by detecting the hydrogen peroxide produced by the enzyme. The biosensor performance was studied by amperometry. Glucose concentrations ranging from 1 to 50mM can be measured with this sensor. The sensor is active over a broad range o f p H and is very stable, which makes it suitable for a number o f possible applications.
Introduction
In a previous publication1 we described how uniform latex particles (ULPs) can be used to construct a so-called thirdgeneration biosensor. These particles were deposited on an electrode and coated with a thin layer of the conducting polymer polypyrrole. The polypyrrole matrix was found to absorb glucose oxidase, and the resulting enzyme electrode could detect glucose without the need of an additional m e diator. In this paper we present evidence that latex particles themselves can also act as a medium for immobilizing enzymes.2-4 Furthermore, we show that they can be applied to construct a first-generation biosensor that competes fa vorably with other first-generation biosensors reported in the literature. [5] [6] [7] [8] [9] Latex polystyrene particles with submicron diameter are normally produced by emulsion polymerization in water.2 They are mildly hydrophobic and carry a negative surface charge, because of the presence of sulfonate groups. E n zymes can be adsorbed physically on these particles.10 However, this adsorption is reversible and leakage o f en zyme is encountered very frequently.11 Special ULPs with functional groups on the surface have been developed to overcome this problem. These functional groups allow for covalent attachment of the biomolecule to the surface of the latex beads. These functionalized beads, however, are very expensive.
Immobilization of glucose oxidase onto latex beads has been reported before in the literature, and it has been sug gested that the enzyme-loaded latex might be used as a biosensor.10 Until now, however, the construction of a m e chanically stable first-generation biosensor from these beads has been impossible. We have found that stable membranes o f uniform latex particles can be obtained if mixtures of latex and agarose are used to deposit the membrane.12 This finding opens the possibility to develop a stable sensor device, as will be described below. This device relies on the reaction of glucose oxidase with its natural cosubstrate molecular oxygen:
The enzyme-catalyzed conversion o f glucose produces hy drogen peroxide, which can be detected by oxidation at the electrode on which the latex layer is deposited.13
Materials and methods

M aterials a n d equipm ent
Glucose oxidase (E.C. 
Im m obilization o f glucose oxidase
All glucose oxidase solutions were prepared in phosphatebuffered saline (PBS) at pH 7.5. Enzyme adsorption was accom plished by agitating the latex-coated electrodes in a solution (3 ml) of 5 mg m l" 1 of glucose oxidase at a temperature of 4°C for 4 h (Gyrotory Shaker model G2, New Brunswick Scientific, USA). Adsorption experiments were also carried out by applying a drop let (50 |xl) of a 5 mg ml " 1 solution of glucose oxidase onto the latex membranes. Subsequently, the membrane was dried in the refrig erator overnight. After the adsorption procedures, the enzyme membranes were either rinsed and dried or treated further with glutaraldehyde (GA). Cross-linking of the adsorbed enzyme was effected by placing the membranes in a solution containing 2.5 vol% of GA in PBS for 10 min at room temperature. After this treatment the membranes were rinsed with PBS.
When not used directly the sensor electrodes were stored in PBS solution in the refrigerator.
The enzymatic activity of the latex membranes was assayed according to the procedure described by Aubree-Lecat et al. 14 The complete biosensor electrode was placed in an electrochem ical three-electrode cell and the resulting current at a potential of 0.35 V vs. Ag/AgCl was monitored.
A m perom etric biosensor activity m easurem ents
To perform amperometric measurements, the enzyme membrane electrode was placed as the working electrode in a three-electrode flow cell (Antec Leyden, The Netherlands). Approximately 0.15 cm2 of the membrane surface was in contact with the electrolyte solution. Buffer solution was driven through the cell at a speed of 1.75 ml m in-1 (Watson Marlowe 101U peristaltic pump). The potential of the membrane was set at the required potential vs. the Ag/AgCl reference electrode. For the measurements the buffer solution was replaced by the glucose solutions in PBS and the current response was monitored.
Automatic assay of the biosensor response was achieved by using a solenoid valve (LFYA1216032H; The Lee Co., CT, USA), that was controlled by a multifunction timer module (Stock No. 341-395; Mulder-Hardenberg, Haarlem, The Netherlands). This setup allowed for automatic switching between the buffer solution and a solution that contained glucose. The timer module was programmed in such a way that the flow cell measured PBS buffer solution for 180 s and then switched to glucose for 90 s. This cycle was repeated until the measurement was stopped manually.
Results and discussion
Construction o f the latex electrodes GC electrodes were used as the basic electrode material. On these electrodes a thin layer o f platinum was deposited. The latex layers were prepared from 112-F and 220-nm latex particles. A droplet of a 75-|xl aqueous latex suspen sion (0.125 wt% latex and 0.050 wt% agarose) was applied on the electrode surface and dried at 4°C. The dried mem branes were either used as such or first heat treated at 60 °C for 1 h. This yielded latex layers o f approximately 5-|xm thickness.
In Figure 1 scanning electron micrographs of the result ing latex membranes are presented. The images show a regular pattern of closed packed polystyrene spheres.
Im m obilization o f glucose oxidase
Different methods were evaluated to prepare latex mem branes that showed glucose oxidase activity. In general, membranes that were not thermally treated were unsuit able to immobilize glucose oxidase. The stability of these membranes was not high enough to withstand the enzyme treatment. First, we tried to cast membranes from suspen sions of the latex beads, which also contained dissolved glucose oxidase. This procedure yielded very irregular and unstable membranes that could not be used. Secondly, we treated the latex membranes with a small droplet (50 |xl) of the enzyme solution. The droplet was allowed to dry in the refrigerator. An enzyme concentration of 1 mg ml ~ * gave a stable enzyme-latex membrane. Higher concentrations of enzyme yielded damaged membranes that no longer ad hered to the electrode surface. The high amount of enzyme was found to disrupt the latex structure during the drying process. A third procedure, adsorption of glucose oxidase from solution, proved to be the best method for loading the latex. The solution was kept at 4 °C and was agitated to promote penetration of the enzyme molecules into the microporous latex structure. The enzyme treatment was car ried out for 4 h, after which the membranes were dried. The resulting enzyme-latex membranes remained fully intact. Extreme drying over CaCl2 after enzyme adsorption had no significant effect on their stability.
Some of the membranes were shortly treated with G A after enzyme adsorption. This bifunctional reagent causes cross-linking of the enzyme molecules and prevents them Papers from leaking out of the latex membrane. The enzyme activ ity and stability o f these GA-treated membranes were com pared with those o f the untreated membranes.
E n zym e activity
The enzyme-latex electrodes were tested for enzymatic ac tivity following a procedure described previously.1,14-16 In this procedure the natural cosubstrate for glucose oxidase is replaced by the artificial electron acceptor benzoquinone. The latter molecule is reduced to hydroquinone, which can be detected electrochemically at a rotating disk electrode. The measured current is an indication of the enzymatic activity of the latex membrane electrode.
The various membranes that were investigated are shown in Table 1 . The measured enzyme activity and the degree of immobilization are given in a qualitative way. It can be concluded that treatment of the enzyme-loaded la tex with G A yields active membranes with a relatively high enzyme loading. Drying the membranes after GA treat ment had no additional effect on the degree of immobiliza tion, but the activity of the enzyme was lower.
Membranes that were not treated with G A after enzyme adsorption were active, but the enzyme molecules leaked out of the membrane during the activity assay. Untreated membranes that were rinsed directly after enzyme adsorp tion and then dried displayed very low activities. These activities further decreased during the assay. First drying and subsequently rinsing slightly increased the activity of the membranes, but their immobilizing ability remained poor. The fact that drying has no substantial effect on the degree o f enzyme loading is in contrast with our results found for conducting polymer-modified latex membranes.1 These membranes immobilized the enzyme molecules very effectively after drying. As can be seen in Table 1 , no large difference in enzyme activity or enzyme loading is observed between latex beads of 112-and 220-nm size. Figure 2 shows the enzyme activity o f a latex membrane composed of 112-nm beads that was treated with glucose oxidase according to the optimized immobilization method of adsorption to a thermally treated membrane, followed by G A cross-linking and rinsing in buffer solution. As can be seen, the current increases immediately upon introduction of the enzyme-latex membrane into the electrochemical cell (Figure 2, point 1) . Withdrawal of the membrane makes the slope of the current go back to the value before intro duction. This means that the enzyme molecules are prop erly immobilized and do not leak out of the membrane. Glucose oxidase that was not properly immobilized would have stayed in solution after withdrawal of the membrane and would have caused a higher slope of the line after point 2. Membranes that were not treated with GA actually showed this behavior. Figure 2 shows that repeated intro duction and withdrawal o f the membrane does not lead to a 
B iosensor activity
The biosensor activity o f the latex membrane electrodes was measured in a continuous flow system.1 Separate ex periments were done first to test whether the bare glassy carbon and platinum electrodes showed an electrochemical response to glucose. A glucose solution of 100 m M was offered to these electrodes which were poised at a potential o f 0.75 V versus Ag/AgCl. N o increase in current could be detected in these cases, indicating that nonspecific electro chemical oxidation o f glucose did not occur. The possibility o f enzyme adsorption to the bare electrodes was also tested. Glassy carbon and platinum electrodes were treated with glucose oxidase for 24 h, dried, and rinsed in exactly the same way as the latex-modified electrodes. N o biosensor activity could be measured for these electrodes. Finally, latex membranes cast on GC and on platinum were tested for glucose sensitivity, without previous enzyme pretreatment. As expected, these electrodes did not respond to glucose. Hydrogen peroxide in aqueous solution can be oxidized if the anodic potential is sufficiently high.17 The potential depends on the electrode used. Oxidation of hydrogen per oxide at bare platinum or carbon can be detected at poten tials ranging from 0.6 to 1.6 V versus Ag/Cl.9,13,18-^1 For measurement of the biosensor activity, potentials were cho sen that are in accordance with the literature values for other biosensors based on H 2 O 2 detection. 13,18'19 The complete latex-membrane enzyme electrode system responded to glucose as shown in Figure 3 . The figure shows the current response to 5 m M glucose of a latex membrane sensor composed of 112-nm beads on a platinum electrode that was poised at a potential of 0.75 V vs. Ag/AgCl. All measurements were carried out in air-saturated PBS (10 m M , pH 7.4) solution. Latex membrane sensors based on GC also showed this electrochemical response upon the addition of glucose. However, for these sensors a stable response current could only be obtained when the elec trode potential was equal to or higher than 0.75 V (vs. Ag/AgCl). Platinized GC latex-membrane electrodes were found to respond to glucose at a potential as low as 0.15 V (vs. Ag/AgCl). As a low measuring potential is a very im portant condition for an amperometric biosensor, we de cided to test in further experiments only these platinumcovered GC electrodes.
The measuring potential of the electrode was varied from 0.15 to 0.75 V vs. Ag/AgCl and the response to various glucose concentrations (0-20 m M ) was evaluated. The re sults for a sensor based on 220-nm latex beads are shown in Figure 4 . It can be seen that the most dynamic response is obtained at a potential of 0.50 V. Increasing this potential further had no effect on the current response. Potentials lower than 0.50 V led to a decrease in sensitivity o f the biosensor, especially at higher glucose concentrations (see below). reveals that glucose oxidase immobilized on our latex membrane remains active over a broad pH range. From pH 6 to 9, more than 75% of the activity is retained. This is in contrast with the enzyme in solution, which has a quite sharp pH maximum (Figure 7) . Application of the membrane sensor under different pH conditions, there fore, is quite possible.
tim e/m inutes
Stability o f the biosensor
The stability o f the sensor was tested in PBS (pH 7.4) solu tions containing glucose concentrations varying between 5 and 20 m M . The electrode potential was kept at 0.5 V vs. Ag/AgCl. More than 1,000 glucose activity assays were per formed automatically over a period of approximately 3 days. Each assay took 4Vi min. No decrease in activity was observed during this period. After 1,250 assays, the activity rapidly decreased, probably as a result of enzyme deactiva tion by hydrogen peroxide.33 This reaction product is prob ably retained in the microporous latex membrane for a short period of time before it is oxidized at the electrode. This will have a deleterious effect on the enzyme activity. The stability of the latex-membrane biosensor was also tested under conditions of intermittent use. In these exper iments the sensor was held stand-by in the continuous-flow system when not in use. The resulting stability curve is shown in Figure 8 . Under these conditions, the response current is fairly stable for a period of 15 days. After this period, the response rapidly decreased, probably for the same reason as mentioned above.
Conclusion
The experiments described show that a stable first generation biosensor based on glucose oxidase immobilized on latex membranes can be constructed. The sensor activity is high over a broad pH range. The optimum pH value o f 7.5 is favorable for a number of possible applications. The present biosensor can compete very well with other first generation biosensors for glucose that have been described in the literature. 
